Introduction
Alcohol intake is one of the main causes of hyperuricemia. 1 Previous studies have shown that alcohol consumption increases the level of serum uric acid [2] [3] [4] [5] [6] [7] and that the excess intake of alcohol is associated with an increased risk of the initial occurrence of gout. [8] [9] [10] [11] [12] According to the Health Professionals Follow-up Study, the increase in serum uric acid level is associated with both the amount of alcohol consumption and the type of alcoholic beverage. 3, [13] [14] [15] [16] Beer confers a higher risk than spirits, whereas moderate wine drinking does not increase risk. Low-malt and low-purine beer has little effect on serum uric acid concentration, in contrast to many other beers. 13, 17 In addition, non-alcoholic or low-alcohol beer also increases the level of uric acid in serum, despite the beverages having little or no alcohol. 13, 18 Thus, the purine concentration in beer, rather than its alcohol content, is related to the higher prevalence of gout. Therefore, the analysis of the exact purine content of beer and beer-like alcoholic beverages is useful for helping consumers maintain a low serum uric acid level.
Several methods for quantifying the purine content in food and drink have been described. The vast majority of these separations have been performed with either reversed-phase high-performance liquid chromatography (HPLC) [19] [20] [21] or normal-phase HPLC. 22, 23 Capillary electrophoresis, 24 ,25 micellar electrokinetic capillary chromatography, 26 ion-pairing chromatography, 27 ion chromatography 28 and liquid chromatography-mass spectrometry (LC-MS) 29 have also been developed for purine quantification. Of these methods, HPLC is a simple, widely used technique. We have already reported a quantitative HPLC method for simultaneously analyzing five purine bases (adenine, guanine, hypoxanthine, xanthine and uric acid) in food and drink samples. 21 Purines are compounds that contain a purine ring; they include purine bases, nucleotides, nucleosides and nucleic acids. In food and drink, nucleic acids are the principal purine sources. They are digested by enzymes, such as 5′-nucleotidase and phosphatases, and the purines are absorbed in the small intestine. Therefore, when measuring the amount of total purine in food and drink, hydrolysis with perchloric acid (PCA) is necessary for producing purine bases corresponding to each of the nucleosides, nucleotides and nucleic acids. In some studies aside from our previous study, the work did not often take this into account. However, the problem with hydrolysis pretreatment was that the measurement concentration range was close to the limit of quantitation when it was used to quantify samples containing each purine at a concentration of less than 0.1 mg/100 mL. This was because the samples were diluted by 1.5-to 2.5-fold during the hydrolysis and neutralization pretreatment procedure. Therefore, we aimed to establish a more sensitive measurement method for samples that contain low concentrations of purines, such as "third beer", which includes beer-like beverages marketed in Japan as "low-calorie", "low-sugar" and "low-purine" with a maximum total purine content of about 4.0 mg/100 mL. In this study, we Several methods for quantifying the purine content in food and drink have been described using high-performance liquid chromatography (HPLC). We have developed an improved HPLC method that is based on a method reported by Kaneko et al. and that is more sensitive yet simple, and suitable for determining the purine content of beer and beer-like alcoholic beverages. Quantitative HPLC separation was performed on a Shodex Asahi Pak GS-320HQ column with an isocratic elution of 150 mmol/L sodium phosphate buffer (H3PO4/NaH2PO4 = 20:100 (v/v)). The retention times for the four analytes, namely, adenine, guanine, hypoxanthine and xanthine, were 19.9, 25.0, 29.3 and 43.0 min, respectively. The resolution was good, and there was no excessive interference from the other compounds in the beverages at these retention times. Furthermore, the detection limit for all the analytes was improved to less than 0.0075 mg/L, and all the calibration curves showed good linearity (r 2 > 0.999) between 0.013 and 10 mg/L for adenine and guanine, and between 0.025 and 10 mg/L for hypoxanthine and xanthine. The pretreatment was simplified by removing some procedures and optimizing the perchloric acid hydrolysis and the enzymatic peak-shift assay. We reduced the sample dilution rate by almost 50%, and the time spent on pretreatment from 4 days to only 180 min. The recovery of the analytes from spiked samples was 94. 8 -103 .8%. This method may be useful for evaluating quantitative and qualitative differences in the purine content of beer and beer-like alcoholic beverages. improved the sensitivity of the method for all analytes by about 10-fold compared with our previous method. In addition, by optimizing the pretreatment, we have reduced the dilution ratio by about 1.3-fold.
Furthermore, to obtain reproducible measurements for the small amounts of each purine base without interference from the coexisting compounds in beer and beer-like alcoholic beverages, the mobile phase was optimized to separate the four purine base peaks from the unidentified impurities that eluted at similar retention times. The pretreatment was also simplified by removing some procedures and optimizing the enzymatic peakshift assay. Our peak-shift method, which used xanthine oxidase and guanase for sample analysis, produced superior results compared with other methods for the accurate quantification of purine content by subtracting the peak area of the analytes treated with the enzymes from the untreated peak. This simple modified method is more sensitive and specific for quantifying the low purine concentrations in beer and beer-like alcoholic beverages without interference from the other ingredients.
Experimental
The mixed standards and alcoholic beverages samples were analyzed by both our previous method and the improved method. 21 
Reagents and alcoholic beverages
All chemicals were of the highest grade commercially available, and were purchased from Wako Pure Chemicals (Osaka, Japan) or Sigma-Aldrich (Tokyo, Japan). Alcoholic beverages were purchased from several supermarkets. Six types of beer, six types of beer-like alcoholic beverage, and one stout beer were examined. A can of beer (350 mL) was opened and 8 mol/L KOH (2 mL) was added immediately, which reduced the bubble release and allowed for an accurate sampling with a pipette.
Amount of perchloric acid required for hydrolysis
Hydrolysis with PCA is necessary for producing purine bases corresponding to each of the nucleosides, nucleotides, and nucleic acids.
Because PCA reacts with various other compounds contained in beer, such as protein and sugar, the amount of PCA required for hydrolysis was determined by adding excess adenosine 5′-triphosphate (ATP) and GTP to the beer. For ATP.3Na (50 μL, 200 mg in 100 mL) and GTP.xNa (30 μL, 200 mg in 100 mL), 70% PCA was added (0 -1100 μL). The sample (4.5 mL) was transferred into a long test tube, was hydrolyzed by adding 70% PCA, and was heated at 100 C for 60 min. A portion of the hydrolyzed sample solution was neutralized with 8 mol/L KOH and was cooled on ice for 5 min. The supernatant was passed through a centrifuge tube filter (0.22 μm).
Optimization for the enzymatic peak-shift assay
To eliminate interference from other impurities, samples treated and untreated with enzymes were compared. A beer sample (100 μL) diluted by 20% with water was treated with the enzyme. After treatment, the reaction mixture was centrifuged with a filter with a 30 kDa cutoff, and analyzed by HPLC. Guanase converts guanine to xanthine. Treatment with guanase was performed at 37 C for 30 and 60 min. The diluted beer sample (100 μL) was treated with 5% rabbit liver guanase solution (20 μL, 0.6 unit/mL) in 0.44 mol/L sodium phosphate buffer (80 μL, pH 6.8). Xanthine oxidase oxidizes hypoxanthine, xanthine, adenine, and guanine. Treatment with xanthine oxidase was performed at 37 C for 30 and 60 min. The diluted beer sample (100 μL) was treated with a 10% solution of microorganism xanthine oxidase (20 μL, 8.9 unit/mL) in 0.6 mol/L glycylglycine (80 μL, pH 8.2).
Measurements
HPLC analysis was performed on an LC-10A HPLC system (Shimadzu, Kyoto, Japan) equipped with an SIL-10AD auto-injector, and a UV spectrophotometric detector. The quantitative HPLC separations were performed at 35 C (controlled by the column oven) on a Shodex Asahi Pak GS-320HQ column (7.6 mm i.d. × 300 mm length, 6 μm particle size, Showa Denko K.K., Tokyo, Japan). Several 150 mmol/L H3PO4/NaH2PO4 mobile phases were prepared with H3PO4/NaH2PO4 ratios of 40:100, 35:100, 30:100, 25:100, 20:100, and 15:100 (v/v). Under these conditions, the pH was 2.4 to 2.9. The flow rate was 0.6 mL/min and the absorbance detector was set at 260 nm. The compound peaks were identified from the retention times and were quantified by comparing the peak areas of the samples with those of authentic standards using a 20 μL injection.
Analytical method validation
The chromatographic method was validated for sensitivity, precision, linearity, range, and accuracy. The sensitivity of the method was determined by establishing the limit of detection (LOD) and limit of quantitation (LOQ) for each purine with signal-to-noise-ratios of 3:1 and 10:1, respectively. The precision of the method was determined at the LOQ level by injecting six individual preparations of purines and by calculating the percent relative standard deviation (%RSD) for the areas of each peak. The precision was determined from the repeatability and inter-day precision.
Seven individual preparations of each purine of 2 and 20 ng were injected and the %RSD was calculated for the areas of each peak. The linearity was determined between 0 and 10 mg/L using eight levels of calibration in triplicate and was evaluated by the squared correlation coefficient (r 2 ). The reliability and accuracy of the method was verified by carrying out the recovery studies in triplicate. The accuracy was evaluated at two different concentrations by adding a known amount of the purine standard (adenine, guanine, hypoxanthine, and xanthine) to the beer sample and by calculating the recovery of each purine from the %RSD and %recovery.
Statistical analysis
The amount of purines is shown as the mean of at least two measurements in duplicate experiments. The statistical analysis was performed using the unpaired Student's t-test, where **p < 0.01 and *p < 0.05, in order to statistically evaluate the data obtained from different samples.
Results and Discussion

Effect of phosphate mobile phase composition
According to our previous method, the 150 mmol/L sodium phosphate buffer mobile phase was adjusted with H3PO4 to a pH of 2.5. To improve repeatability and reproducibility, the volume ratio of NaH2PO4 and H3PO4 was adjusted. The pH of the mobile phase was kept to 2.5 by using a H3PO4/NaH2PO4 ratio of 38:100 (v/v). Under these conditions, the peaks derived from the beer sample appeared at retention times close to the guanine peak. Therefore, the ratios of the phosphate mobile phase were optimized to separate the four purine base peaks (adenine, guanine, hypoxanthine and xanthine) from the unidentified impurities that eluted at similar retention times. The retention time of guanine increased depending on the salt concentration of the mobile phase, whereas the impurities at 23.5 min did not move under these conditions (Fig. 1) . The mobile phase with an H3PO4/NaH2PO4 ratio of 15:100 or 20:100 was used to separate guanine from a large impurity peak. However, at a ratio of 15:100, the hypoxanthine peak at 29.0 min overlapped with the product of the peak-shift enzymatic reaction for identifying and quantifying purine bases (data not shown). The mobile phase was fixed at 150 mmol/L sodium phosphate buffer (H3PO4/ NaH2PO4 = 20:100 (v/v), and the retention times for adenine, guanine, hypoxanthine and xanthine were 19.9, 25.0, 29.3 and 43.0 min, respectively. The resolution was good and there was no excessive interference from the other ingredients in the beer and beer-like beverages at these retention times.
Validation of HPLC methods
We examined whether the modification of the mobile phase improved the precision and accuracy of the measurements. Table 1 shows the inter-day precision, linearity, regression and linear ranges, LOD and LOQ of the four purines. The inter-day precisions (n = 7) of the four purine bases ranged from coefficient of variation (CV) of 1.3 to 3.8%. The squared correlation coefficient values (r 2 > 0.999) indicate good linearity in 0.013 -10 mg/L for adenine and guanine, and in 0.025 -10 mg/L for hypoxanthine and xanthine. The LOD and LOQ were less than 0.0075 and 0.025 mg/L, respectively (Table 1) . Compared with previous studies, the sensitivity was 10-fold higher. Hou et al. 20 recently reported an HPLC method with LODs for adenine, guanine and xanthine of 0.007, 0.010 and 0.016 mg/L, respectively, which were similar to those achieved using our method. In the case of quantifying the contents of only free base as in their method, such sensitivity is sufficient. However, because the beer sample would be diluted 3-to 5-fold during the hydrolysis pretreatment for nucleic acids, nucleosides and nucleotides, and the enzymatic reaction for the peak-shift assay, we developed a method to reduce the dilution ratio by optimizing the pretreatment procedure.
Simplification of HPLC pretreatment
In our previously reported pretreatment, a sample of sparkling liquor was degassed by sonication under reduced pressure, lyophilized, hydrolyzed with PCA, heated, neutralized with KOH, subjected to the enzymatic peak-shift assay and then injected into the HPLC system (Fig. 2) . This procedure is susceptible to error caused by slight variations in the amount of Table 1 liquid in the degassing or neutralization steps. We simplified the pretreatment in order to reduce the dilution ratio and improve the accuracy. Initially, we focused on the degassing process. It is difficult to monitor the variations in the sample volume under reduced pressure because of the evaporation of the alcohol. Therefore, the liquid was basified with KOH and the carbon dioxide remained dissolved in the liquid. As a result, the release of carbon dioxide was reduced and it was possible to accurately measure the sample using a pipette.
The lengthy freeze-drying process was also eliminated and a method using the liquid sample itself in the hydrolysis was developed. Furthermore, the amount of PCA required to hydrolyze the liquid sample itself was much lower, which meant that neutralizing the excess acid in the next step was simpler. The amount of PCA required for hydrolysis was determined after the addition of excess ATP or GTP to the beer sample or to distilled water. The beer samples were sufficiently degraded to purine bases with a smaller amount of PCA than the water samples, and reached a plateau at 100 μL. Therefore, 500 μL of 70% PCA for each 4.5 mL beer sample was sufficient to complete the reaction (data not shown); thus we succeeded in reducing the dilution ratio to [4.5 mL (sample) + 500 μL (PCA) + maximum 1000 μL (KOH)]/[4.5 mL (sample)]. Combined with LOQ, this simple modified method can be used for accurately quantifying purine content even at low concentrations.
Optimization of the enzymatic reaction for the peak-shift assay
Despite the additional dilution, we used the peak shift assay for beer and beer-like alcoholic beverages, because it was difficult to identify the analyte peaks where the peaks coincided with impurities or were buried in the matrix peak. If a peak did not disappear after enzyme treatment, we concluded that there was an impurity with the same retention time as the purine base. The peak shift assays make it possible to accurately quantify the purine content by subtracting the peaks obtained after enzyme treatment from those obtained enzyme untreated blank.
The enzymatic reaction was also simplified and optimized. Because the enzymatic reaction rate is considered to become saturated at higher substrate concentrations, this examination was carried out using regular beer containing a high concentration of purines. We diluted the regular beer samples by 20%, which was still within detectable concentrations. This dilution ratio varied with the amount of purines in each sample, because these reactions depended more on the reaction time than on the concentration of the enzyme (Fig. 3) . After the sample was treated for 30 min with 5% guanase solution (20 μL, 0.6 unit/ mL), the guanine was almost completely eliminated and the amount of xanthine remained the same for 60 min (Figs. 3A,  3B) . Thus, the protocol for the peak-shift assay with guanase was as follows: a beer sample diluted by 20% was treated with a 5% enzyme solution (20 μL) for 60 min. The peak-shift assay with xanthine oxidase was also examined (Figs. 3C and 3D ). When the sample was treated with 10% xanthine oxidase solution (20 μL, 8.9 unit/mL) for 30 min, only adenine was insufficiently digested, with 20% remaining. Other purine peaks were eliminated completely with a smaller amount of enzyme solution. The protocol for the peak-shift assay with xanthine oxidase was as follows: a beer sample diluted by 20% was treated with a 10% enzyme solution (20 μL) for 60 min. The previous method required a reaction time of 180 min.
Beer sample chromatograms using enzymatic peak-shift methods Figure 4 shows a chromatogram measured with the modified pretreatment and mobile phase conditions. Each purine base peak was identified using the peak-shift method with or without enzyme treatment. The peak areas corresponding to adenine, guanine, hypoxanthine and xanthine were then calculated. Some impurity peaks behaved in a similar manner to the adenine and guanine peaks and overlapped with them. The adenine and guanine peaks were eliminated by enzyme treatment and could be accurately quantified without interference from peaks of other compounds at the same retention time. 
Accuracy of the HPLC method for purine content determination in beer
To test the reliability and accuracy of the method, recovery studies were carried out in triplicate in which samples were spiked with a known quantity of each purine. The results of the recovery analysis are given in Table 2 . These data indicate the accuracy of our method was good. The mean recovery of total purine was 96.5% for the addition of 2.1 mg/100 mL and 100.9% for 4.2 mg/100 mL. The RSD for all purine bases was lower than 5.0%.
Purine content of beer and beer-like alcoholic beverages
The purine content of beer, beer-like beverages, and stout beer are summarized in Table 3 . Beer had a total purine content of more than 5.0 mg/100 mL and guanine accounted for the majority of the purine content. The beer-like beverages had a lower purine content of 0.13 -3.6 mg/100 mL. In a 350 mL can of beer, the purine content ranged from 18.2 to 34.2 mg, whereas for beer-like beverages, the purine content was from 0.46 to 12.6 mg. In particular, the samples which had a low-purine content, such as samples g, h, and i, the purine content was less than 5.3 mg in a 350 mL can. The most significant difference in the beer-like beverages compared with beer was the amount of guanine, followed by adenine and xanthine (Fig. 5) . Purine nucleotides, such as IMP and GMP, produce an umami taste similar to L-glutamate (typically used as monosodium glutamate) and some amino acids. The umami taste in rodents and humans is potentiated by purine nucleotides. 30, 31 Therefore, if the amount of IMP and GMP is reduced in beer-like beverages, the cut-off treatment of purines in beer-like beverages may cause an off taste. To clarify this, it would be necessary to measure the content of each purine species, including nucleotides, nucleosides and purine bases, without hydrolysis.
Conclusion
We have reported an improved method for determining small amounts of purines in alcoholic beverages. Our simplified HPLC method provides increased sensitivity and specificity for quantifying purine content at low purine concentrations in beer and beer-like alcoholic beverages without interference from other ingredients. We expect our method will be useful for investigating the link between the purine content of beer and the mechanisms responsible for increasing the serum levels of uric acid. 
